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Abstract
Gas absorption using amines is the most well-established CO2 capture technology available today. Monoethanolamine (MEA)
is the commonly used amine while 2-amino-2-methyl-1-propanol (AMP), has gained its popularity since it offers a higher
absorption capacity and a lower regeneration energy. Blending MEA with AMP is predicted to combine all favorable
characteristics of both amines and overcome the unfavorable characteristics. This work reports kinetic rates of MEA-AMP under
a wide range of process parameters. The rates were measured in a wetted wall column made from stainless steel tubing fitted
inside a glass chamber, and were interpreted in terms of overall rate constant.
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1. Introduction
At present, there are several technologies available for capturing carbon dioxide (CO2) from flue gas streams.
These include gas absorption into an aqueous alkanolamine sloution. Monoethanolamine (MEA) solution has been
extensively used in many industries for removing CO2 because it has a faster rate of reaction, which allows
absorption process to take place in a small column. However, MEA solution is more corrosive than other amines
and also requires excessive energy for regeneration. A sterically hindered amine AMP (2-amino-2-methyl-1-
propanol) is less corrosive and requires less energy for solvent regeneration. This makes AMP an attractive solvent
for gas treating industries today.
Recently, the use of blended-alkanolamines have been recieving a great deal of interest from practitioners
because it combines the favorable features of different alkanolamines while suppressing the unfavorable. The
common blended alkanolamines are MDEA(methyldiethanolamine)-based solvents, which are claimed to have low
energy requirement, high absorption capacity, and excellent stability. However, the use of MDEA-based solvents
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may be limited by the low rate of CO2 absorption. Compared to MDEA, AMP can absorb CO2 with the similar
capacity but at a much higher rate [1, 2]. Therefore, the AMP-based solvents, especially MEA-AMP, appear to be
another alternative option for gas treating.
As a result of the increasing importance of blended-alkanolamine systems, an understanding of the absorption
characteristics in blended-alkanolamine becomes essential. The solubility of CO2 in MEA-AMP solution was
studied and reported in many open literature [3-5]. The knowledge of CO2 absorption kinetics for this blend is
however minimum and limited to a narrow range of process parameter. This work therefore measured kinetics rates
of CO2 absorption into an aqueous MEA-AMP solution under a wider range of process parameter. The
measurements were carried out in a wetted wall column.
2. CO2 Absorption Reaction
The reaction between CO2 and amine solutions is very complex. According to Astarita et al. (1983) [6], the
following three reactions need to be considered.
Carbamate formation:  om NCOORRNHRRNHRRCO '2''2 2 (1)
Bicarbonate formation:  om 32'2'2 HCONHRROHNHRRCO (2)
Carbamate reversion:  om 32'2'2 22 HCONHRROHNCOORRCO (3)
where R stands for –C2H4OH and R' represents –H and –C2H4OH for primary and secondary amines, respectively.
The carbamate formation is considered to be the main reaction of CO2 with primary an secondary amines [7]. The
formation mechanism can be explained by using zwitterion mechanism, which involves the following two steps [6]:
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where B is a base that could be an amine, OH-, or H2O. The rate of reaction can be expressed as
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For CO2-MEA system, the reaction is first order with respect to CO2 and MEA. Therefore, Equation (6) can be
rewritten as
> @> @MEACOkr MEAMEACO 2,2,2  (7)
where k2,MEA is the reaction rate constant. There have been several different experimental techniques used by a
number of different researchers to determine a value for k2,MEA. According to Blauwhoff et al. (1984) [8], the kinetic
data can be characterized by the expression produced by Hikita et al. (1977): [9]
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For CO2-AMP system, Xu et al (1996) have found that zwitterion mechanism can also be used to describe the
reaction kinetics. Therefore, Equation (6) can be expressed as
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For the CO2 absorption into an aqueous MEA-AMP solution, the overall reaction rate can be expressed as
> @   OHCOAMPCOMEACOovov rrrCOkr ,,,2 222 (10)
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where ovk is the overall rate constant, and OHCOr ,2 is the rate of reaction between CO2 and hydroxylion in theaqueous solution.
3. Experimental Section
The CO2 absorption experiments in this study were carried out in a wetted wall column absorber. A schematic
diagram of the apparatus is shown in Figure 1. The wetted wall column was made from 12 mm OD stainless steel
tubing with a length of 100 mm. The column was fitted inside a glass cell where a stream of CO2 saturated with
water was flowed through. The temperature of the glass cell was controlled by a thermostatic heating/cooling
chamber connected to a water bath. The liquid entered the cell through the inside of the wetted wall column, and
distributed as a thin film covering the outside of the column. The liquid flowrate was varied from 1.8 – 2.8 cm3/sec.
The gas flow rate was measured by a soap-film meter. The gas absorption rate was measured by the difference
between the inlet and outlet gas flow rates. During the experiments, the glass cell was purged with the water-
saturated gas. The liquid to be tested (either degassed water or aqueous solution of alkanolamine) was heated to the
desired temperature and flowed through the wetted wall column. The column operation was adjusted to achieve the
stability of the liquid film and then maintained for at least 30 minutes to allow the gas absorption to reach the
steady-state. At this point, the liquid flow rate and gas absorption rate were measured. In the case of CO2 absorption
using alkanolamine solution, the inlet and outlet liquid samples were taken from the system and analyzed for their
concentration and CO2 loading. The analysis was done using the standard method given by the Association of
Official Analytical Chemists (AOAC). The total alkanolamine concentration was determined by titrating with
standard 1.0 N HCl solutions using methyl orange as the indicator. The determination of CO2 loading involved
acidifying a precisely measured quantity of the sample by adding excess HCl solution. The CO2 gas was released
and captured by a precision gas burette. The amount of released CO2 was then used to calculate the loading.
Figure 1Wetted wall column for CO2 absorption
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4. Results and Discussion
In the present study, the experiments were carried out by using three different absorption systems: CO2-water,
CO2-MEA, and CO2-MEA-AMP. The followings are highlight of the experimental results.
4.1 CO2-Water Absorption
The physical absorption of CO2 in water was tested in this study to validate the reliability of the wetted wall
column. In this case, the experimnetal results were presented in terms of diffusivity of CO2 in water (DCO2). Based
on Higbie penetration theory, the diffusivity was calculated by the following equation:    2
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where NCO2 is CO2 absorption flux from the experiment; pCO2 is the CO2 partial pressure; HCO2 is the Henry law
constant; and tc is gas–liquid contact time. The Henry law constant for CO2-water system was calculated using the
equation proposed by Versteeg and van Swaaij (1988): [10]
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The contact time was derives from the hydrodynamics of wetted wall column as
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where h and d are height and outside diameter of wetted wall column, respectively; K and U are viscosoty and
density of liquid; and L is liquid flow rate.
The experiments for CO2-water system were carried out over the temperature range of 298-325 K using different
liquid flow rates. All experiments were done at atmospheric pressure. Figure 2 presents the obtained diffusivity data
as a function of absolute temperature. The experimental data that was obtained in this study shows good agreement
with the values available in the literature. The effect of temperature on the experimental diffusivity data can be well
predicted by Versteeg and van Swaaij (1988) equation: [10]
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Figure 2 Diffusivity data for CO2-water system. [10-12]
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4.2 CO2-MEA Absorption
The chemical absorption of CO2 was also tested to further validate the wetted wall column. The CO2 absorption
into an aqueous MEA solution was choosen in the present study because of its large collection of kinetic data
avalable in the literature. The reaction rate constant k2,MEA was the kinetic parameter of interest in this stage of
validation. The rate constant was calculated from the following mass transfer flux equation:
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where NCO2,MEA, HCO2,MEA, and DCO2,MEA are the CO2 absorption flux, Henry law constant, and diffusivity of CO2 in
CO2-MEA system. Therefore, the rate constant can be expressed as:
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The experiments for CO2-MEA system were carried out over the temperature range of 298-318 K using different
liquid flow rates. Figure 3 illustrates a plot of reaction rate constant k2 as a function of absolute temperature. The
figure also demonstrates a comparison between the data obtained in the present study and those reported in the
literature. It is apparent that the k2 values in this study are in good agreement with published data, especially those
reported by Versteeg et al. (1996) [13] and derived from well-recognized Hikita’s correlation (Equation 8). This
confirms the accuracy of experimental data obtained in this study.
Figure 3 Kinetic data for CO2-MEA system. [9, 13-15]
4.3 CO2-MEA-AMP Absorption
The mechanism of CO2 absorption into blended amine solution is very complex because the reaction of CO2
takes place not only with one particular amine but with every amine in the blend. The exact kinetics of CO2
absorption in the blended amine system is yet debatable and not entirely understood. This results in that the rate of
reaction in the blended system cannot be simply characterized by an expression associated with only one second-
order rate constant (k2) with respect to a selected amine and CO2. A practical approach for kinetic representation is
to express the rate of reaction in terms of the overall rate constant (kov) with respect to only CO2.
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Therefore, the mass transfer flux in the blended system can be expressed by the following equation:
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The overall rate constant for CO2-MEA-AMP system tested in this study can be expressed by the rearranged
Equation (18):
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The HCO2,Blend, and DCO2,Blend for the MEA-AMP system were calculated from empirical correlations, which were
developed in this study by regressing the data reported by Li and Lai (1995). [4] The correlations provides the Henry
law constant and diffusivity of CO2 as a function of temperature and ratio of MEA concentration to the total amine
concentration in the system. The mass flux NCO2,Blend and partial pressure pCO2 were measured directly from the
experiments.
The experiments for CO2-MEA-AMP system were carried out in the aforementioned wetted wall column over the
ranges of molar mixing ratio and temperature as listed in Table 1.
Table 1 Summary of test parameters and conditions
Test Parameter Condition
Molar mixing ratio, mole MEA: mole AMP
(MEA conc./Total Amine Conc.)
1 : 0 (1.0)
4 : 1 (0.8)
1 : 1 (0.5)
1 : 4 (0.2)
0 : 1 (0.0)
Temperature, K 298
303
308
Total amine concentration, kmol/m3 1.0
Figure 4 illustrates a plot of overall rate constant kov as a function of absolute temperature and ratio of MEA
concentration to total amine concentration in the MEA-AMP system. It should be noted that the solution with
concentration ratio of 1.0 is the aqueous solution of single MEA, and the one with the ratio of 0.0 is the aqueous
solution of single AMP. It appears from the figure that the rate constant kov increases as the MEA concentration in
the blend increases. For all temperatures tested, the kov of the blend does not have a linear correlation with the rate
constant of the parent amines MEA and AMP. This means that, with the concentration ratio of 0.5 (molar mixing
ratio of 1:1), the blended solution does not provide the average rate constant of the two single amines. The nonlinear
behavior of the blended MEA-AMP solution is consistent with the behavior found in other blended system, such as
MEA-MDEA as reported by Liao and Li in 2002 [16]. It may be noted that the nonlinear behavior of the blend
indicates the interaction between parent amines (i.e. MEA and AMP), taking place during the CO2 absorption
process.
Figure 4 also shows that the temperature has an impact on the overall reaction rate constant. The kov increases as
the temperature increases. The effect of temperature follows the Arrhenius’ law as illustrated in Figure 5.
222 R. Sakwattanapong et al. / Energy Procedia 1 (2009) 217–224
Sakwattanapong et al. / Energy Procedia 00 (2008) 000–000
Figure4 Overall rate constant for CO2-MEA-AMP system.
Figure5 Effect of temperature on the rate constant for CO2-MEA-AMP system.
5. Conclusion
The kinetics of CO2 absorption by blended MEA-AMP solution was investigated using a laboratory wetted wall
column. The experiments were carried out at 298-308K with the molar MEA:AMP mixing ratio of 1:0, 4:1, 1:1, 1:4,
and 0:1. The kinetic data were presented in terms of the overall rate constant as a function of mixing ratio and
temperature. It was found that an increase in MEA concentration in the blended solution causes the rate constant to
increase in a nonlinear manner. And also, the rate constant increases with the absolute temperature, which follows
the Arrhenius’ law.
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